The convergent margins of the western Pacific are marked by widespread tectonic erosion of the overriding plate by the subducting oceanic lithosphere. At Ocean Drilling Program Site 841 on the mid-trench slope of the Tonga forearc, rates of tectonic trenchward tilting and subsidence of the basement appear to be linked, supporting models of basal erosion focused near the trench. Rates of subsidence significantly exceed those predicted from plate cooling models and require crustal thinning to account for the difference in this extensional environment. Estimated extension at Site 841 is 280%. Tilting and subsidence rates peaked ca. 32-34 Ma, just after spreading in the South Fiji Basin at 35 Ma. However, the trenchward direction of tilt and higher extension on the trench slope than on the Tonga platform suggest a link to tectonic erosion near the trench rather than extension focused in the arc edifice. Since this time, ca. 135 km has been eroded from the edge of the plate, of which 80 km is related to the ongoing collision of the Louisville Ridge. A probable paleo-collision event at 16 Ma caused the forearc at Site 841 to be uplifted and tilted arcward, forming a major unconformity due to mass wasting. Steady-state erosion averages <1.5 km/m.y. There is no compelling evidence to suggest loss of several hundred kilometers of arc crust since the Eocene and thus no reason to suspect that subduction initiation and related magmatism may have predated the ca. 45 Ma boninitic magmatic activity.
INTRODUCTION
Although accretion of oceanic sediments and basement to the leading edge of the overriding plate in subduction zones is widely recognized, there are equally significant lengths of modern convergent margin, mostly located around the periphery of the Pacific where no accretion is observed (Hilde, 1983) . In these areas, long-term tectonic erosion of the overlying plate is inferred. Although accretion does not seem to be strongly related to the age of the subducting plate (von Huene and Scholl, 1991) , heavily sedimented margins appear to be more prone to accretion than sediment-starved margins. Rates of accretion and brief phases of tectonic erosion have been estimated in margins where an accretionary complex is preserved as a record of the margin's development (e.g., von Huene et al., 1996) , but this has been more difficult along margins where erosion has dominated the structural evolution. As a result, estimated rates of tectonic erosion vary widely. Ballance et al. (1989) suggested that tectonic erosion in Tonga has been generally minor, except during the subduction of major seamount features, most notably the Louisville Ridge. Conversely, Lallemand (1998) has argued that strong coupling between the downgoing and overriding plates around the Pacific results in rapid tectonic erosion (4-10 km/m.y.). As a result, several hundred kilometers of forearc material would have been lost since the proposed initiation of subduction at ca. 45 Ma in this region (Colley and Hindle, 1984) . If true, this is significant for the interpretation of the Eocene volcanic basement of the Tonga and Izu-BoninMariana forearcs, because the boninites that dominate these regions (e.g., Bloomer et al., 1995) are typically thought to reflect the processes of subduction initiation. If these rocks were actually erupted far from the initiating subduction zone, or rather later in time, this would remove an important source of information on this fundamental stage in the Wilson cycle.
In this paper, we present sedimentary and structural data from an Ocean Drilling Program (ODP) well, Site 841 ( Fig. 1) , located on the middle slope of the Tonga forearc, in order to quantify the rates of subduction erosion in this region.
GEOLOGIC EVOLUTION OF THE TONGA ARC
Subduction in the Tonga area is believed to date from the middle Eocene on the basis of the oldest volcanic strata found in the forearc region. McDougall (1994) dated rhyolitic lavas from ODP Site 841 as being middle Eocene, 44 ± 2 Ma, and Bloomer et al. (1998) and Tongatapu (Ewart and Bryan, 1972; Tappin, 1994; Cunningham and Anscombe, 1985) . Since the middle Eocene, subduction and arc volcanism have apparently been continuous, although punctuated by the rifting of two backarc basins, the Oligocene South Fiji Basin (Weissel and Watts, 1975) and the late Miocene-Holocene Lau Basin (Hawkins, 1974; Parson et al., 1992) . Currently, the outer forearc and trench slope are in active extension, as shown by the dominance of normal faults in recovered core at Site 841 (MacLeod, 1994) and the presence of large trenchward-dipping fault scarps seen in acoustic backscattered images (Lonsdale, 1986; MacLeod and Lothian, 1994; Clift et al., 1998) . Although local accretion of colliding seamounts is noted (Ballance et al., 1989) , this is atypical, because most of the trench slope exposes the older stratigraphy of the Tonga platform and its underlying volcanic basement and even upper mantle (Bloomer and Fisher, 1987) , suggesting tectonic erosion.
SUBSIDENCE HISTORY
The sedimentary record drilled at ODP Site 841 and dredged from the inner trench slope provides important constraints on the temporal variations in the rate of tectonic erosion. This can be examined through variation in the depth to basement on the forearc, which is controlled by sediment loading, crustal thickness, thermal age, and thus thickness, of the lithosphere, as well as any flexural deformation due to interaction with the subducting plate. Because the forearc is currently extending, and is believed to have done so for much of its history, this latter effect is probably minor, except during seamount collision. Weak coupling between plates means that the angle of dip of the subducting plate does not affect subsidence. In a strongly coupled system, subsidence could theoretically be caused by subduction steepening through time, for which there is no evidence in this area. The forearc may be considered to be largely in isostatic equilibrium. Using this assumption, Clift (1994) calculated the depth to basement through time, after accounting for the loading effects of the sedimentary cover and water column, using the backstripping routines of Sclater and Christie (1980) . In this study, we recalculate the subsidence history, using the Berggren et al. (1995) time scale and the biostratigraphy of Chaproniere (1994) , the results of which are shown in Figure 2 .
Estimates of the paleo-water depths are the single largest uncertainty in this analysis. The presence of subaerial ignimbrites tectonically below upper Eocene carbonates indicates an initial elevation of the basement above sea level. Following this, deposition of foraminifer-bearing volcanic sands and limestones closely constrains the paleo-water depth to be within the photic zone (0-50 m) during the middle Eocene (38.5-34 Ma). Abundant shallow-water species in lower Oligocene sediment (33.7-32 Ma) progressively decrease in number relative to pelagic forms, and culminate in the dissolution of nannofossils above Core 841B-42R (i.e., 32 Ma, early Oligocene). This observation indicates that water depths then were below the lysocline (~3000 m; van Andel, 1975) . A major unconformity separates these rocks from overlying middle Miocene volcaniclastic sediments and may reflect mass wasting prior to resumption of sedimentation at 16.2 Ma. Middle Miocene sediments above the unconformity show well-preserved pelagic microfossils, deposited above the lysocline. Although uplift may have occurred between 32 and 16 Ma, this is not required, because of a deepening of the lysocline to 3800 m during this period (van Andel, 1975) .
Normal faulting observed at 458 m below sea floor (bsf) has removed the record for 14.9-11.0 Ma (middle-late Miocene), but between 11.0 and 9.0 Ma, carbonate dissolution suggests deposition close to the carbonate compensation depth (CCD),~3900 m, a situation that continued until 5.3 Ma, when calcareous microfossils were no longer present. By this time the CCD had deepened to 4200 m. Present-day water depth is 4800 m.
The subsidence reconstruction shows rapid subsidence at ODP Site 841 during the middle to late Eocene (Fig. 2) . Rapid deepening by >2 km over a time span of only 3 m.y. contrasts with more gentle subsidence after that time. Given that the forearc formed as an Eocene volcanic structure (Bloomer et al., 1994; McDougall, 1994) , middle to late Eocene subsidence was far more rapid than would be predicted for oceanic crust of this age (Parsons and Sclater, 1977) , even accounting for cooler mantle associated with subduction. Eruption of the Eocene volcanic basement in a subaerial setting is shallower than normal for ocean crust, suggesting that the crust was thicker than normal oceanic crust if locally isostatically compensated. Assuming that the proto-arc crust, believed to be dominantly basaltic (Bloomer et al., 1995) , had a density structure similar to that of normal oceanic crust, the depth of eruption indicates crustal thickness >17.5 km at the time of eruption (cf. ~15-17-kmthick Izu-Bonin forearc crust; Takahashi et al., 1998) , although this figure may include serpentinized upper mantle.
Regardless of the initial depth of eruption, the rate of thermal subsidence might be expected to be similar to that of normal oceanic crust, controlled by a common process of lithospheric cooling and thickening. However, the rapid descent of the forearc at 32-34 Ma cannot be explained by even a revised thermal model; active thinning of the crust would be the most likely driving mechanism. Thinning may be accomplished in two ways: by basal erosion of the forearc crust by the subducting plate (von Huene and Lallemand, 1990) , or by extension due to normal faulting. Given the depth discrepancy of ~2.8 km between the model prediction based on normal thermal subsidence and the modern unloaded depth to basement, this suggests that the present crust under Site 841 is only 4.6 km thick, assuming local isostatic equilibrium and extension of ~280% since 45 Ma. It is interesting that the rapid deepening between 34 and 32 Ma indicates rapid crustal thinning over this short interval, equivalent to 70%-83% of the entire crustal thinning since 34 Ma.
STRUCTURAL ANALYSIS
Structural measurements made in the core from ODP Site 841 show a progressive increase in dip with depth below sea floor and with age ( Fig. 3; MacLeod, 1994) . MacLeod (1994) interpreted this to reflect basal erosion and progressive rotation of the forearc into the trench. He noted that the overall increase in dip with age translated to a gradual rotation of the forearc trenchward, with a marked increase in rate over the past 0.5 m.y., a feature that he attributed to collapse of the trench slope in the wake of the collision with the Louisville Ridge. In detail, the dip of the beds shows significant variation over short depth intervals. By following the trend of the dip measurements, a series of short-term variations can be identified, superimposed on the long-term increase in dip noted by MacLeod (1994) . These excursions, which result in no net rotation of the forearc, correlate with increases in fault density and may represent localized drag effects associated with small normal faults. By assessing the long-term trend in dip at Site 841, after excluding these short-period excursions, we can quantify the long-term rates of tilting. In order to compare rates of tilting with rates of subsidence, we divide the sequence into the same 412 GEOLOGY, May 1999 time intervals used for the subsidence analysis, and then calculate the average rate of tilting over that period, since the subsidence modeling also integrates the net change over these time intervals. Tilting was trenchward in all intervals except during the 32-16.2 Ma hiatus. In practice, it is likely that this period also saw slow trenchward rotation on which a major, brief arcward rotation was superimposed, prior to the resumption of sedimentation. The correlation of arcward tilting and an erosional unconformity prior to 16.2 Ma suggests the effects of seamount collision. Similar features are caused by uplift and backtilting during initial contact of seamounts with the trench, and have been noted in Tonga Trench slope basins in the wake of the Louisville Ridge (Clift et al., 1998) . This was followed by mass wasting and steepening of the trench slope in the aftermath of seamount subduction (cf. von Huene and Lallemand, 1990) . For much of the time since 16.2 Ma, rotation has approximated the 2°/m.y. rate noted by MacLeod (1994) . However, in the OligoceneEocene section, rotation appears to have been more rapid, especially in the period immediately prior to the hiatus (Fig. 4A) . Whatever the cause of enhanced erosion, it can be seen that there is a correlation between the background rates of tilting and subsidence (Fig. 4B) , an observation that supports the hypothesis of basal erosion preferentially removing material from beneath the forearc close to the trench. Trenchward tilting cannot be attributed to rotation about the large normal faults that dissect the outer forearc, because these also tilt trenchward, and no rotation is observed about the fault cored at Site 841 (MacLeod, 1994) .
DISCUSSION
Temporal variations in the rates of tilting and subsidence of the forearc are interpreted to reflect variations in the rate of tectonic erosion. At 32-34 Ma, the forearc underwent its strongest phase of activity. A similar phase of rapid tectonic subsidence was identified by Packham (1985) starting at 37 Ma in wells drilled on Tongatapu, located centrally on the Tonga platform, a phase that he linked to extension of the arc prior to spreading in the South Fiji Basin at 35 Ma. The greater extension and subsidence in the forearc, rather than on the Tonga platform, and the trenchward direction of tilting argue against a direct link to backarc extension, but are compatible with increased tectonic erosion at 32-34 Ma. In contrast, extension prior to formation of the Lau Basin at 5.3 Ma was much stronger on the platform than on the trench slope (Clift, 1994) .
Although much of the Miocene record is missing, the reconstructed rates of tilting, and especially subsidence, are much lower since 34 Ma, suggesting more gradual erosion during steadystate subduction, despite punctuation of the process by seamount collision events. The midslope terrace at ODP Site 841 had already subsided to >2 km water depth by the early Oligocene (34 Ma). As strong faulting and subsidence of the forearc is limited to those areas trenchward of the outer arc structural high along the eastern edge of the Tonga platform (Austin et al., 1989) , the structural and water depth information at ODP Site 841 indicate that it was located on the trench slope by 34 Ma. The modern trench slope is 100 km and 180 km wide north and south, respectively, of the Louisville Ridge; the collision appears to have caused steepening and shortening of the trench slope (Ballance et al., 1989; Dupont and Herzer, 1985) . However, the lack of significant subsidence at Site 841 related to passage of the Louisville Ridge suggests that its effect is to remove material from the tapered frontal edge rather than the base of the plate. The presence of Oligocene shallow-water sediments on the Tonga platform (Cunningham and Anscombe, 1985) suggests that the entire forearc was not appreciably deeper at this time, and given the continuity of the Eocene volcanic basement under modestly deformed forearc cover , we believe that the overall geometry of the Oligocene forearc was similar to that seen today south of the Louisville Ridge. Since ODP Site 841 is still 45 km from the trench axis, this implies a maximum of ~135 km of frontal erosion since 34 Ma, of which 80 km is associated with passage of the Louisville Ridge. Much of the additional 55 km may also have been removed during collision events, implying that only small volumes are related to steadystate subduction, as suggested by Vallier et al. (1985) on the basis of rocks of Pacific affinity dredged from the trench slope. Assuming forearc crustal thicknesses of 17 km, erosional loss since 34 Ma is ~935 km 3 , plus ~200 km 3 per kilometer of arc during Louisville collision. The same is probably true in the Marianas, where the observation of accreted Pacific pelagic sediments and lavas on the trench slope (Johnson et al., 1991) not linked to a currently subducting seamount suggests that erosion cannot be proceeding very rapidly. The average erosion rate in the vicinity of Site 841 of ≤1.5 km/m.y. is less than the steady-state 4-10 km/m.y. estimated by Lallemand (1998) . Accounting for the effect of the Louisville Ridge yields an average of 4 km/m.y.
IMPLICATIONS
Tectonic erosion of the Tonga forearc totals ≤55 km between 34 Ma and passage of the Louisville Ridge, an average of ≤1.5 km/m.y. As a result of this modest rate of tectonic erosion, the currently exposed Eocene forearc can be considered to have formed relatively close to the Eocene trench, as suggested by Bloomer et al. (1995) . The forearc can thus be an important record of subduction initiation. No earlier arc construct can have existed and then been eroded away. Attempts to balance the flux of material through the convergent margin by comparing the material entering the subduction zone with that being erupted from the arc volcanic front can reasonably approximate the thickness of sediment on the downgoing plate as representing the net flux in. Except for times of seamount collision, contributions to the arc flux from tectonic erosion will be minor. 
